Rhodium-catalysed hydroformylation is the major industrial process to obtain aldehyde products from olefins. The isomerization of the olefin at the catalyst is the most prominent side reaction and lowers the overall yield of the process. We here investigate whether the olefin isomer distribution obtained from batch experiments using Rh(BiPhePhos) as a catalyst and n-decene as the olefin reaches the thermodynamic equilibrium and computational quantum chemical approaches are able to accurately reproduce the experimental olefin isomer distribution. The relative energies of cis/trans configurational and double bond positional isomers of long chain n-decene were calculated using Hartree-Fock, DFT and correlated ab initio methods. Results were compared to experimental data. Electron correlation was found to be critical for the description of cis-isomer relative energies. Dispersion corrections in the DFT calculations partially compensate for deficiencies and generally improve the agreement with experiment. Adding thermodynamic corrections suffers from the neglect of certain contributions to the entropy of flexible molecules. Accounting for the entropy of mixing of multiple conformers significantly reduces the deviation from experiment. The equilibrium distribution of long chain olefins is reasonably described by correlated QM and also some density functional methods. Computational thermochemistry has thus reached a state where it provides reliable parameters for complex reaction network models and process engineering.
Introduction
Hydroformylation or 'oxo reaction' refers to the transition metal (usually cobalt or rhodium) catalyzed conversion of alkenes to aldehydes. It represents one of the most important industrial processes in homogeneous catalysis with a volume of more than 10 million tons of oxo chemicals per year. 1 The use of long chain olefins from sustainable sources in the hydroformylation reaction poses a challenge to the design of suitable solvents and also the continuous operation of semi-scale chemical plants. 2 Apart from the desired linear aldehyde product, double bond isomerization of the olefin coordinated to the catalyst occurs as a side reaction by which undesired branched aldehydes are being produced. [3] [4] [5] [6] This lowers the overall yield of the preferred main linear product. HRh(CO)(BiPhePhos) is an advanced hydroformylation (see Fig. 1 ) catalyst but also known to be very active in isomerization of the olefin double bond. By choice of appropriate conditions, the formation of undesired side products can be suppressed and thus an increase of yield or selectivity can be obtained. 7 Long chain olefins from sustainable resources are a versatile alternative to substrates from petrochemicals. 8, 9 Their use poses challenges to an appropriate process design in terms of the solubility of substrates and the separation of products and catalyst. 10, 11 Recently, Jörke et al. have conducted an isothermal batch isomerization experiment using Rh(BiPhePhos) 12 as catalyst and followed the concentration profiles of olefin isomers. 13, 14 1-Decene was used as the starting material and was isomerizing into all internal cis-and trans-decene isomers in presence of the catalyst and absence of syngas. This was assumed to be a stepwise process (Fig. 2 ). All n-decene positional isomers could be detected, assigned and quantified by Fig. 1 The hydroformylation reaction of 1-decene to the terminal undecanal as the desired product. Syngas (CO/H 2 ) is used at 378 K, 20 bar in presence of a Rh(BiPhePhos) catalyst.
gas chromatography. The time-resolved concentration profiles of each isomer were followed until no further changes in the concentration profiles were observed. The experimentally measured composition of isomers ( Fig. 3 ) was used to deduce Gibbs free energy differences of internal n-decene isomers relative to the terminal 1-decene (values given in second column in Table 1 ). However, it could not finally be decided whether the final distribution of n-decene isomers was fully corresponding to the equilibrium distribution.
Computational aspects of modeling the hydroformylation process have mainly focused on mechanistic investigations (for recent reviews see ref. [15] [16] [17] and kinetics 18 of the main reaction but not on the side reactions.
We here aim at a quantitative description of the distribution of positional and configurational n-decene isomers using quantum chemical (QC) thermochemistry.
Knowledge of thermochemical stability of chemical species is the key to industrial applications of structure-based calculations. 19 Thermochemical predictions are of crucial importance for the design and control of industrial chemical processes. There are accurate composite approaches which include the Gn methodologies 20 23 There is large number of publications that demonstrate that B3LYP and other popular exchange-correlation functionals tend to have significantly larger errors for larger structures (in particular hydrocarbons). [24] [25] [26] The failure is assigned to the inability of most functionals to describe longrange van der Waals effects and the neglect of medium-range electron correlation. 27 The efforts to overcome these shortcomings resulted in the development of highly parameterized, dispersion-corrected, as well as double hybrid functionals. M05-2X functional performed satisfactorily for main-group thermochemistry and barrier heights due to its improved description of medium-range correlation. 28, 29 On the other hand, the increase in error with increasing system size for hydrocarbons using B3LYP, depended on the presence of particular structural and stereoelectronic features. 29 The quantum thermochemistry of long-chain n-alkanes has received attention as model system for uncoupled internal rotations, 30 one-dimensional hindered rotors 31 and also to assess stereoelectronic effects 32 and isodesmic bond separation energies. 33 There is, however, much less work dedicated to the thermochemistry of olefins. We here use DFT and higher correlated tools such as MP2 and coupled-cluster to calculate the distribution of highly flexible unbranched decene isomers and compare the results to those obtained from experiment. We also address the problem Fig. 2 The olefin isomerization is the major side reaction to the hydroformylation. A Rh(BiPhePhos) catalyst in absence of syngas was used to investigate the 1-decene isomerization reaction. 
Computational details
For all decene isomers several different levels of theory were tested: Hartree-Fock, Moller-Plesset second order perturbation theory (SCS-)MP2, 34, 35 and MP2 calculations were done in the RI approximation. 47 In the coupled cluster calculations the 10 lowest lying orbitals were frozen. Zero point vibrational energy (ZPVE) as well as enthalpic and entropic contributions at standard (298 K) and operating conditions (378 K) from the same level of theory were added using the rigid rotor/harmonic oscillator (RRHO) approximation. Solvent effects were probed by using an implicit continuum solvation model COSMO 48 for e = 2 and e = 37 to model decane and dimethylformamide because the thermomorphic solvent used in the experiments is a mixture of both (n decane : n dodecene : n DMF = 1 : 3 : 4). 14 All quantum chemical calculations were done with Turbomole 6.6 49 or Orca_v.3.0.1.
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For generating a library of conformers for each of the 9 isomers the stochastic Monte Carlo multiple minimum method (MCMM) 51 was used in MacroModel 10.6. 52 The maximum number of steps was set to 8000 and number of steps per rotatable bond to 2000. The energy window for saving the structures was set to 10 kJ mol À1 . In order to determine the molecular mechanics force field best parameterized for the decene molecules we have also performed test calculations for different force fields and checked the quality of their stretch, bend and torsion parameters (not shown). We find that OPLS_2005 53 is the best parameterized for this case and it was used in the subsequent conformational search. Each generated conformer was re-optimized at B3LYP-D3/TZVP level of theory using Jaguar 8.6.
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Results and discussion
The thermodynamic equilibrium distribution of n-decene isomers after Rh-catalyzed isomerization
Jörke et al. used gas chromatographic separation to assign retention peaks of n-decene isomers after performing isomerization experiments catalysed by Rh(BiPhePhos) in the presence of inert nitrogen (N 2 ) and absence of reactive gases (CO/H 2 ) using commercially available decene isomers as standards. After 120 min of reaction time the GC-monitored concentration profiles of products remained constant with time and no change in concentrations up to 24 h was observed (see Fig. 3 ). This point was then assumed to have reached thermodynamic equilibrium. The experimentally observed n-decene isomer equilibrium composition at 378 K was subsequently used to estimate the Gibbs free energy differences using a standard mass action law. Nonideal behaviour and activity coefficients would then cancel out in the relative equilibrium constants.
(1)
The performance of Hartree-Fock, different DFT functionals and correlated wave-function methods such as MP2 and coupled-cluster are used to reproduce the experimental isomer distribution. Fig. 4 shows the nine positional and stereoisomers of non-branched decene molecules 1-decene (1d), trans-2-decene (t2), trans-3-decene (t3), trans-4-decene (t4), trans-5-decene (t5), cis-2-decene (c2), cis-3-decene (c3), cis-4-decene (c4) and cis-5-decene (c5).
The coordinates of the structures on which the calculations were done and their total energies are given in the ESI † (Tables A1-A9) . Physicochemical data for long chain n-olefins and kinetics regarding the isomerization side reaction are hardly available in the literature but required for a qualitative and quantitative understanding and control of the process. ) which can be found in standard organic chemistry textbooks. 55 These small energy differences point out the challenges to quantum chemical methods to accurately describe the thermodynamics and relative energies of long chain olefins.
The calculated relative energies (DE) are summarized in Table 1 and Fig. 5 .
From Table 1 it becomes obvious that all computational methods (including DFT) give 1-decene to be the least stable isomer and the trans configurations to be lower in energy than their cis counterparts by 4-6.5 kJ mol À1 . The experimentally determined energy differences between a cis isomer and its trans counterpart are below 4 kJ mol À1 . This difference is best reproduced by the dispersion corrected functionals (BP86-D3 and B3LYP-D3). The mean unsigned error (MUE) decreases from 2.89 to 1.33 and from 1.69 to 0.91 kJ mol À1 for BP86(+D3) and B3LYP(+D3) respectively when dispersion corrections are added. This shows that dispersive corrections at least partially correct for the absence of long range dispersion in these density functionals.
From the DFs that were not corrected for vdW interactions, M06-2X with 54% of non-local, Hartree-Fock exchange performs best with a MUE of 1.51 kJ mol À1 followed by B3LYP and BP86.
Since M06-2X was parameterized to account for the interpair but nonlocal electron correlations, it confirms that the medium range correlation is the missing part in the DFs for correctly describing hydrocarbon isomerization energies. The M06-2X functional, generated to overcome the correlation problem, is superior to B3LYP and other hybrid functionals but still does not provide complete correction of electron correlation. ) and this has to be assigned to the slower convergence with basis set size for these correlated wavefunction calculations which was also shown for the thermochemistry of the hydroformylation reaction. 57 For the cis-configuration, all methods (except MP2 and B2PLYP) give cis-2-decene to be the most stable which agrees with the experimental findings. For trans-isomers, most of the methods predict either trans-2-decene or trans-4-decene (in agreement with experiment) to be the most stable one.
Hartree-Fock calculations perform well for the trans but not so for the cis isomers. This deficiency can be accounted for by inclusion of electron correlation (see MP2 values in Fig. 5 ). This level of treatment is necessary to correctly describe 1,4-alkylalkyl repulsive interactions in agreement with previous results for alkanes 27 and relative stabilities of unbranched vs. branched alkene isomers. 58 Fig . 5 also shows that M06-2X with 54% of exact exchange exhibits larger error for the cis isomers than for the trans. This deficiency in cis stabilization arises from electron correlation and is not an exchange problem. The opposite is observed for B3LYP. It shows larger deviation for the trans Fig. 4 n-decene double bond positional and trans/cis configurational isomers.
Fig. 5
Performance of a subset of computational methods: mean unsigned errors for relative energies of all cis-and trans-n-decene isomers. Results for additional computational methods can be found in the ESI † (Table A) .
isomers but this is significantly reduced by inclusion of dispersion interactions. MP2 is known to overestimate correlation effects in some chemical systems on the medium electron length scale but here we do not observe such an effect (spinscaled MP2 yields identical results and therefore not given in Table 1 ). It has to be noted that the experimental energy difference between some of the isomers is less than 1 kJ mol À1 and below the limits of computational accuracy. In several cases the difference in the calculated values is so minute that a couple of isomers can be considered to be isoenergetic and a strict energy ranking becomes impossible. According to experiment, the internal isomers (t5 and c5) are the least stable n-decene isomers. None of the computational methods, however, reproduce this finding from an electronic energy difference and thermal and entropic corrections to give Gibbs free energy differences must be accounted for (see below). Further, deviations from experimentally determined relative decene isomer stabilities may result from the neglect of solvent effects and the accessibility of multiple conformations for large, flexible longchain molecules. 33 
Solvent effects on thermodynamic stability
Previous calculations were gas-phase calculations, but the experiments were performed in a solvent mixture of unpolar decane and polar DMF. We have considered the effect of both solvents on the relative energies of the n-decene isomers by incorporating an implicit solvent model (COSMO) with the respective dielectric constants. B3LYP was chosen as a representative method to assess the influence of solvent. The relative energies with and without solvent are given in Table 2 and deviations from experiment in Fig. 6 . Inclusion of solvent effects consistently lowers the energy differences between 1-decene and the other isomers and brings them closer to experiment. The effect of solvent stabilization, however, is small and below 1 kJ mol À1 in magnitude. All isomers are almost equally stabilized by the solvent effects which can be seen in Fig. 6 . The average deviation from experiment decreases from 1.69 to 1.56 in decane and to 1.36 kJ mol À1 in DMF in comparison to gas phase B3LYP data. The effect for a decane/DMF solvent system (80 : 20 w/w) will be intermediate. Since COSMO is an implicit solvent model specific solvent-solute interactions are not taken into account and the solution is ideal. We have previously estimated the non-ideality of a decane/DMF solvent system and their effect on the reaction enthalpy of the hydroformylation of dodecene. 57 Significant activity a i and fugacity coefficients j i were needed to rationalize the equilibrium concentrations of reactants and products. For energy differences, however, these effects are assumed to cancel out.
Finite temperature thermochemistry
Although it is a common practice to compare quantum chemical electronic energies to experimental data, then zero point vibrational energies, thermal corrections and entropic contributions are usually neglected.
When vibrational frequencies are obtained with sufficient accuracy, the calculated zero point vibrational energies (ZPVE) are also reliable. On the other hand Gibbs free energies i.e. entropies cannot be calculated with the same accuracy. This has its origins in approximating vibrations as being harmonic in nature. The vibrations that are most likely to have anharmonic character are the low-frequency vibrations which contribute most to the entropy. An error of 5% in a low frequency vibration causes an error of 15-30% in entropy. 59 We here (i) use empirical scaling factors from ref. 60 to partially compensate for anharmonic effects and deficiencies of the electronic structure calculation method; and (ii) consider the accessibility of multiple conformers.
Frequency scaling
In order to examine the effect of frequency scaling on the calculated thermodynamic properties, we have used the vibrational scaling factors given in ref. 60 for BP86, B3LYP, M06-2X functionals as well as for MP2. For trans-and cis-5-decene the correct rotational symmetry number is used for calculating the entropy (symmetry number of two). The application of vibrational scaling factors does not reduce the MUE of Gibbs free energy differences from experiments (see Table 3 ). The effect is negligible for the thermodynamics of long chain olefins at 378 K. The calculated enthalpies and entropies are provided in the ESI † (Tables B1 and B2 ). The data for 298.15 K are given in the ESI † Table C . Fig . 6 Solvent effects on calculated energy differences between 1-decene and the other n-decene isomers. The deviation of B3LYP results from experiment is given.
The entropy of mixing
At finite temperature, experimentally determined energy differences are ensemble-averages of a large number of conformers. QM reported energies are usually from single conformers only (in the best case the global minimum structure). The number of accessible conformers increases rapidly with the size and degree of flexibility of the molecule. Long-chain olefin compounds in liquid solution at elevated temperature are among the most flexible molecules and require an appropriate treatment of conformational equilibria. Enthalpies are in general less affected by the number of conformers which will be very close in energy (and thermodynamic corrections can be assumed to be identical for all conformers). Gibbs free energies, however, are much more affected by the presence of multiple conformers since they include entropic contributions. The difference in entropy between each conformer is negligible (DS for conformational change can be assumed to be zero; at most 2.8 J K À1 mol À1 61 ), but the entropy of mixing multiple conformers is the critical contribution. So the total molar entropy, S o , is the sum of entropies of each conformer plus a correction for the mixing term (DS mix ) (eqn (2)):
where n is the number of conformers; S i is the entropy of each conformer (assumed to be the same for all conformers); x i is the mole fraction of each conformer
where c i is the concentration if the ith conformer. DS mix is the entropy of mixing given by the eqn (4)
Since DS mix is not very sensitive to the exact fraction of the different conformers, 61 DS mix can be fairly approximated as entropy of mixing of n equally populated conformers (eqn (5)):
where R is the universal gas constant. We have conducted an exhaustive MCMM search to identify the number of possible conformers by torsional sampling. All obtained structures were subsequently re-optimized at the B3LYP-D3/TZVP level of theory. B3LYP-D3 was the method of choice for this analysis as it showed the best performance from the DFs in terms of energy and Gibbs free energy differences. After quantum-chemical re-optimization the number of conformers in an energy window of 2RT at: 298.15 K and 378 K (that is 5 kJ mol À1 and 6.3 kJ mol
À1
, respectively) were counted. The number of the conformers for each of the 9 positional and configurational isomers in an energy window of 6.3 kJ mol À1 is given in Table 4 . The data for 298.15 K can be found in the ESI † (Table D) . Table 4 shows that consideration of entropy of mixing of conformers improves the agreement between calculated and observed values. It reduces the average deviation from experiment from 2.79 kJ mol À1 to 2.16 kJ mol À1 in terms of Gibbs free energy differences. The optimized conformers in an energy window of 10 kJ mol
were used for performing a Boltzmann-weighted energy distribution. The mole fraction of the ith conformer of n conformers in equilibrium is weighted by its probability (eqn (6)):
where DE i is the difference in total or Gibbs free energy of the ith conformer to that of the most stable conformer. The Boltzmann-weighted energy for each isomer is then obtained:
where E i is the energy of the ith conformer. The results of the Boltzmann weighting are given in the ESI † in Table D1 . For n-decene isomers, Boltzmann weighting did not improve the calculated relative energies (DE) compared to the single geometry calculations at the same level of theory (B3LYP-D3/ TZVP) in Table 1 .
This indicates that the very small energies of conformational change (often less than 0.1 kJ mol À1 ) are beyond the accuracy of current QM methods. Then, the calculated mole fractions of the conformers Boltzmann-weighted conformational energies do not reduce the deviation from experiment.
Conclusions
The thermochemistry of substrates, products and intermediates is a critical component to the design and control of chemical processes. The isomerization of 1-decene at the Rh(BiPhePhos) catalyst finally leads to a distribution of positional and configurational isomers at thermodynamic equilibrium. As can be seen from Fig. 3 , isomerization of 1-decene first leads to a significant increase of formation of trans-2-decene and cis-2-decene to levels higher than their equilibrium composition. This can be explained by the steric demand of the BiPhePhos ligand (see Fig. 7 ). The isomerization to trans-2-decene is swift and possible despite the sterically demanding bisphenyl-bis-oxy rings of the ligand. cis-2-Decene formation is slower and requires some rearrangement of the olefin at the rhodium central metal atom. After a kinetically driven initial formation of 2-decenes, these react further to generate internal n-decene isomers. The olefin isomerization is a slow process and reaches its thermodynamic equilibrium after B90-100 min. It requires a sequential 1,2-hydrogen shift to then generate the next double bond positional isomer via a 'chain walking' mechanism. For n-decenes, the formation of internal olefins requires a re-arrangement of the alkyl chain due to the steric demand of the catalyst's ligand.
The relative stabilities of n-decene isomers at thermodynamic equilibrium can qualitatively be reproduced by QM methods to rank trans-vs. cis-configurations lower in energy by about 4 kJ mol À1 . The accuracy of the computational approaches to generate reliable thermodynamic data for industrial process engineering is not fully exploited yet and requires careful inspection. 19 In previous studies for other alkane and alkene isomers 27,58 DFT calculations were not able to reproduce the energetic ordering of the isomers. When comparing to experiment, the MUE for all methods is below 3 kJ mol À1 .
Comparison of the Hartree-Fock and correlated MP2 and CCSD methods establishes the importance of electron correlation in the description of the cis isomers, but less for the trans isomers. One possible explanation is the missing correlation in the description of 1,4-alkyl-alkyl repulsive interactions. According to our study, van der Waals interactions also play a critical role and empirically correcting them significantly improves the results for the DFs. The final relative thermodynamic stabilization of trans-4-versus trans-2-decene requires a careful inclusion of electron correlation from MP2 calculations (which is also included in the B2PLYP functional). The molecular thermochemistry of long-chain olefins still poses a challenge to current computational approaches. The RRHO approximation introduces errors in the entropic part which questions the ability of standard simplifications to the state function Q to calculate thermodynamic properties with high accuracy. An agreement with experiment can be significantly improved by correcting for the entropy of mixing for flexible molecules. This benchmark of thermochemical data of long chain olefins will help to assign parameters required in the kinetic network model for the hydroformylation process. 63, 64 The steric demand by the biphenylbisoxy ligand parts poses a steric restriction to coordination of internal n-decene isomers.
